Abstract Findings from our laboratory indicate that proinflammatory cytokines and their transcription factor, nuclear factor-kappaB (NF-jB), are increased in the hypothalamic paraventricular nucleus (PVN) and contribute towards the progression of heart failure. In this study, we determined whether NF-jB activation within the PVN contributes to sympathoexcitation via interaction with neurotransmitters in the PVN during the pathogenesis of heart failure. Heart failure was induced in rats by left anterior descending coronary artery ligation. Sham-operated control (SHAM) or heart failure rats were treated for 4 weeks through bilateral PVN infusion with SN50, SN50M or vehicle via osmotic minipump. Rats with heart failure treated with PVN vehicle or SN50M (inactive peptide for SN50) had increased levels of glutamate, norepinephrine (NE), tyrosine hydroxylase (TH), superoxide, gp91 phox (a subunit of NAD(P)H oxidase), phosphorylated IKKb and NF-jB p65 activity, and lower levels of gammaaminobutyric acid (GABA) and the 67-kDa isoform of glutamate decarboxylase (GAD67) in the PVN compared with those of SHAM rats. Plasma levels of cytokines, norepinephrine, epinephrine and angiotensin II, and renal sympathetic nerve activity (RSNA) were increased in heart failure rats. Bilateral PVN infusion of SN50 prevented the decreases in PVN GABA and GAD67, and the increases in RSNA and PVN glutamate, norepinephrine, TH, superoxide, gp91 phox , phosphorylated IKKb and NF-jB p65 activity observed in vehicle or SN50M-treated heart failure rats. A same dose of SN50 given intraperitoneally did not affect neurotransmitters concentration in the PVN and was similar to vehicle-treated heart failure rats. These findings suggest that NF-jB activation in the PVN modulates neurotransmitters and contributes to sympathoexcitation in rats with ischemia-induced heart failure.
Introduction
Heart failure (HF) is the end-stage manifestation of cardiac syndromes in which the heart fails to pump an adequate supply of blood to the body, often due to left ventricular dysfunction. Neurohumoral mechanisms play important roles in the pathophysiology of HF with sympathoexcitation considered as the hallmark of HF. Plasma levels of proinflammatory cytokines (PICs), such as tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1beta (IL-1b) and IL-6, are also increased in HF patients, with their levels rising concomitantly with cardiac dysfunction [37, 38] and severity of HF [13, 35, 40] . However, the functional role of PIC in HF remains poorly understood, especially within cardioregulatory regions of the brain. Under normal conditions, there is very low expression of PIC in the brain, but during disease conditions such as HF, there is a marked upregulation of cytokines in the brain [10] .
A growing body of evidence suggests that immunemediated mechanisms play important roles in the pathogenesis of HF. In normal rats, an intracarotid injection of TNF-a elicits a prominent pressor response-characterized by activation of pre-sympathetic neurons in the hypothalamic paraventricular nucleus (PVN) and in the rostral ventrolateral medulla (RVLM)-with associated increases in arterial pressure (AP), heart rate (HR) and renal sympathetic nerve activity (RSNA) [44] . In HF, TNF-a is increased in the heart, plasma and hypothalamus within minutes [11, 14] , and the early appearance of TNF-a in the brain can be largely prevented by interrupting the cardiac sympathetic afferent nerve signals [11, 14] . Since PICs are too large to cross the blood-brain barrier, the origin of PIC in the central nervous system (CNS) in HF remains a mystery. A recent study from our laboratory suggests that TNF-a and IL-1b are increased in the hypothalamus, specifically the PVN, of HF rats [13] . Furthermore, anticytokine therapy using etanercept, a synthetic TNF-a binding agent, or pentoxifylline, a PIC production inhibitor [13, 15] decreased the expression of PIC in the PVN and attenuated the neurohormonal excitation (NHE) observed in HF [17] . However, due to RENAISSANCE and RECOVER clinical trials, one might argue against the cytokine hypothesis. However, the failure of these two clinical trials could be due to the peripheral targeting of only one cytokine. Hence, in this study, we aimed to target central activation of nuclear factor-kappaB (NF-jB), considered to be the major transcription factor regulating the inflammatory response by mediating the expression of PICs, including TNF-a, IL-1b and IL-6, in various signal transduction pathways, in an attempt to limit the PIC cascade and sympathoexctiation seen in HF.
Increasing evidence demonstrates that NF-jB induced inflammation contributes to the pathophysiology of multiple disease states, including HF [41] . Functional NF-jB complexes are present essentially in all cell types in the CNS and activated NF-jB is the major regulator facilitating the synthesis of several different injury-responsive cytokines in neurons [4] . Both in vivo and in vitro experiments have shown that PICs are effective activators of NFjB [16] . However, it is not known whether PIC induced within the brain upregulate NF-jB in the PVN, an important central integration site of sympathetic outflow and cardiovascular regulation and contribute to NHE in HF. Based on current findings, NF-jB might be a potential target for the modulation of NHE in HF.
A previous study from our laboratory demonstrated that HF rats had increased neuronal excitation accompanied by higher levels of glutamate and norepinephrine (NE) and lower levels of gamma-aminobutyric acid (GABA) in the PVN when compared with SHAM rats [20, 21] . In this study, we determined whether NF-jB activation in the PVN contributed to sympathoexcitation via interaction with neurotransmitters in the PVN during the pathogenesis of HF. The results from this study will lead to a better understanding of the disease process and aid in designing new therapeutic strategies for the treatment of HF.
Materials and methods

Animals
Adult male Sprague-Dawley rats (275-300 g) were used for all experiments. Rats were housed in temperature-(23 ± 2°C) and light-controlled (12 h light/dark cycle) animal quarters and were provided rat chow and tap water ad libitum. The Institutional Animal Care and Use Committees of Xi'an Jiaotong University and Louisiana State University approved all protocols. This investigation conforms to the ''Guide for the Care and Use of Laboratory Animals'' published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
General experimental protocol
Rats underwent implantation of bilateral PVN cannulae and were allowed a week for recovery. Coronary artery ligation was then performed with the ischemic zone confirmed using echocardiography. Subsequently, osmotic minipumps were implanted subcutaneously and connected to the cannulae for the continuous infusion of SN50 (2 lg/ h; a synthetic peptide carrying the nuclear localization sequence of the NF-jB p50 subunit, which competes for the cellular mechanisms mediating nuclear translocation and prevents NF-jB binding to DNA without affecting the level of the inhibitory protein IjB; Enzo Life Sciences), SN50M (2 lg/h; the inactive control peptide for the cellpermeable NF-jB inhibitory peptide SN50; Enzo Life Sciences), or vehicle directly into the PVN. At the conclusion of the study, conscious RSNA measurements were obtained. Another set of HF and SHAM rats were treated with intraperitoneally (IP) infusion of a similar dose of SN50 (2 lg/h) or SN50M (2 lg/h), or vehicle over a 4-week treatment period.
Implantation of bilateral PVN cannulae for chronic infusion studies
The method for PVN cannulation has been previously described [12] . Each rat was anesthetized (ketamine ? xylazine, ip), and the head placed into a stereotaxic apparatus. A skin incision was made, the skull opened and the dura carefully dissected parallel to the sinus vein. A stainless steel double cannula (Plastics One, Inc.) with a center-to-center distance of 0.5 mm was implanted into the PVN using an introducer, according to stereotaxic coordinates (1.8 mm posterior to the bregma and 8.5 mm ventral from the skull surface) [36] . The cannula was fixed to the cranium using dental acrylic and two stainless steel screws. Animals received buprenorphine (0.01 mg/kg, sc) immediately following surgery and 12 h post-operation. The success rate of bilateral PVN cannulation is 65%. At the completion of the study, brains were sectioned to verify location of cannulae, and only animals with verifiable bilateral PVN injection sites were used in the final analysis.
Coronary ligation
Rats underwent sterile surgery under anesthesia (ketamine ? xylazine, ip) for induction of HF by ligation of the left anterior descending coronary artery, or the same surgery without vessel ligation (SHAM), as previously described [19, 21, 22, 24, 25] .
Echocardiographic assessment of left ventricular function
Echocardiography was performed under ketamine sedation to assess left ventricular (LV) function as previously described [22, 24, 25] . From these measurements, LV ejection fraction (LVEF) and LV end-diastolic volume (LVEDV) were reported.
Drug infusion
Within 24 h of coronary ligation or sham operation, anesthetized (ketamine ? xylazine, ip) rats underwent subcutaneous implantation of osmotic minipumps (Alzet, Model #1004). Minipumps were connected to the bilateral PVN cannulae for continuous infusion (0.11 ll/h/side) of SN50, which inhibits nuclear translocation of NF-jB, at a total dose of 2 lg/h; SN50M (2 lg/h) or vehicle (0.11 ll/h/ side) over a 4-week period. Another set of HF and SHAM rats were treated with IP infusion of a similar dose of SN50 (2 lg/h) or SN50M (2 lg/h), or vehicle over a 4-week treatment period. The doses used in this study were determined from preliminary studies based on a previous report from our laboratory [22] .
Tissue microdissection
Palkovits's microdissection procedure was used to isolate the PVN, as previously described [21, 33] Measurement of PVN tissue levels of glutamate, GABA and NE, and of plasma NE and epinephrine Tissue concentrations of glutamate and GABA were measured using HPLC with electrochemical detection (ECD-300, Eicom Corporation, Japan) as previously described [21, 42] . Tissue NE concentration was measured using HPLC with electrochemical detection (HTEC-500, Eicom Corporation, Japan) as previously described [3, 21, 42] . Plasma NE and epinephrine (EPI) were measured using HPLC as previously described [18, 19] .
Western blot
Measurement of PVN protein was performed as previously described [21, 31] . Briefly, protein extracted from the PVN was used for measurements of tyrosine hydroxylase (TH, Abcam) and the 67-kDa isoform of glutamate decarboxylase (GAD67, Abcam) expression by western blot. Protein loading was controlled by probing all blots with b-actin antibody (Santa Cruz Biotechnology) and normalizing their protein intensities to that of b-actin. The bands were analyzed using NIH Image J software.
Immunohistochemistry and Immunofluorescence
Coronal sections from brains were obtained from the region approximately 1.80 mm from the bregma. Immunohistochemical labeling was performed in floating sections as previously described [20, 21] to identify Fra-like (Fra-LI, a marker of chronic neuronal activation; Santa Cruz Biotechnology) expression.
Immunofluorescence studies were performed as previously described [22, 23] . Superoxide generation was determined by fluorescent-labeled dihydroethidium (DHE; Molecular Probes) staining, as previously described [18] . The primary gp91 phox antibodies were from Santa Cruz Biotechnology, and the phosphorylated IKKb (p-IKKb) antibody was from Cell Signaling Technology. DAPI for nuclear staining was from Molecular Probes. Positive immunofluorescent-staining cells were counted under confocal microscopy in 4 view fields (equal area) randomly selected from bilateral PVN transverse sections at about -1.80 mm from bregma. One sample consisted of the average of 4 view fields from a section.
Quantification of NF-jB p65 activity in the PVN
The NF-jB/p65 Active ELISA (Active Motif, USA) kit was used to measure the binding activity of free NF-jB p65 in nuclear extracts as described previously [1, 9] . The analysis was done using a sandwich ELISA method according to the manufacturer's instructions.
ELISA studies
Plasma and tissue cytokine levels were measured using ELISA (Biosource International Inc.) techniques, as previously described [21, 22, 25] . Plasma angiotensin II (ANGII) was measured using an EIA kit (Cayman Chemical Company) as previously described [22] .
Electrophysiological recordings and anatomical measurements AP, HR and RSNA were recorded. The general methods for recording and data analysis have been described previously [21, 23] . Maximum RSNA was detected using an intravenous bolus administration of sodium nitroprusside (SNP) [21, 34] . At the end of the experiment, the background noise, defined as the signal-recorded post-mortem, was subtracted from actual RSNA and subsequently expressed as percent of maximum (in response to SNP) [18, 19, 32] . The left ventricular end-diastolic pressure (LVEDP), the right ventricle (RV)/body weight (BW) ratio and lung/BW ratio were measured as previously described [21, 22] .
Statistical analysis
All data are expressed as mean ± SEM. Data were analyzed by two-way ANOVA. Multiple testing was corrected for using Tukey's post hoc test. Echocardiography data were analyzed with repeated measures ANOVA. A P value of 0.05 was considered significant.
Results
Echocardiography
At 24-h post-coronary artery ligation or sham operation, rats assigned to treatment with SN50, SN50M and vehicle were grouped based on echocardiographically defined LV function ( Table 1 ). The infarct sizes in this study ranged from 40 to 50% of the LV. LVEF was significantly reduced, and LVEDV and LVEDV/mass ratio were significantly increased in rats with ischemic injury assigned to SN50, SN50M or vehicle treatments, when compared with sham-operated rats assigned to those same treatments. At 24 h, however, there were no differences in LVEF, LVEDV, LVEDV/mass ratio or percent ischemic zone (%IZ) among rats with ischemic injury assigned to SN50, SN50M or vehicle treatment. At 4 weeks, LVEDV and LVEDV/mass ratio were significantly higher than the 24-h baseline values in the SN50-, SN50M-and vehicle-treated HF rats, and LVEF was significantly lower in the SN50M-or vehicle-treated HF rats (Table 1) . Moreover, LVEF was higher in the HF rats that received SN50 when compared with the HF rats that received SN50M or vehicle. However, there were no significant differences in LVEDV, LVEDV/ mass ratio or %IZ among the SN50-, SN50M-and vehicletreated HF rats at 4 weeks.
PVN Neurotransmitters
HF rats had elevated levels of NE and glutamate, and lower levels of GABA in the PVN. Four-week bilateral infusions of SN50 into the PVN prevented the decrease in PVN GABA and the increases in PVN glutamate and NE in HF rats (Fig. 1) . However, IP treatment with the same dose of SN50 did not alter NE, glutamate, or GABA in the PVN of HF rats.
TH and GAD67 protein expression in the PVN Western blot showed that HF rats had higher TH and lower GAD67 levels in the PVN when compared with SHAM rats (Fig. 2) . Bilateral PVN infusion of SN50 for 4 weeks prevented the decrease in GAD67 and the increase in TH in the PVN of HF rats (Fig. 2) .
Fra-LI activity, an indicator of chronic neuronal activation, in the PVN
Compared with SHAM rats, Fra-LI activity was higher in the PVN of HF rats. Bilateral PVN infusions of SN50 prevented the increases in Fra-LI of HF rats (Fig. 3) .
NF-jB activation in the PVN
HF rats showed increases in NF-jB p65 activity and p-IKKb in the PVN. Four-week bilateral infusion of SN50 into the PVN prevented the increase in PVN NF-jB p65 activity and p-IKKb in HF rats (Fig. 4) .
Superoxide and NAD(P)H Oxidase in the PVN
Immunofluorescence revealed that HF rats had more superoxide in the PVN, as determined by fluorescentlabeled dihydroethidium (DHE) and the NAD(P)H oxidase subunit gp91 phox , when compared with SHAM rats (Fig. 5) . Bilateral PVN infusion of SN50 for 4 weeks decreased gp91 phox and DHE in the PVN of HF rats (Fig. 5) .
PVN levels of proinflammatory cytokines PVN levels of TNF-a, IL-1b and IL-6 were higher in HF rats than in SHAM rats. PVN levels of TNF-a, IL-1b and IL-6 were lower in HF rats that received bilateral PVN infusion of SN50 when compared with SN50M-or vehicletreated HF rats (Table 2 ). Bilateral PVN infusion of SN50 prevented the increases in PVN PIC seen in HF rats.
Plasma levels of proinflammatory cytokines, epinephrine and ANGII Humoral indicators of HF paralleled the PVN findings. Plasma levels of epinephrine, ANGII, TNF-a, IL-1b and IL-6 were all higher in HF rats than in SHAM rats. Bilateral PVN infusion of SN50 prevented the increases in plasma levels of epinephrine, ANGII, TNF-a, IL-1b and IL-6 in HF rats (Table 2 ; Fig. 7 ).
Renal sympathetic nerve activity (RSNA)
In conclusion, conscious RSNA was measured 5 h after rats recovered from anesthesia, HF rats exhibited higher RSNA (% of max) when compared with SHAM rats; bilateral PVN infusion of SN50 inhibited RSNA in HF rats (Fig. 6 ). Plasma NE, a marker of sympathetic activity, was also higher in HF rats than in SHAM rats. Bilateral PVN infusion of SN50 prevented the increase in plasma NE of HF rats (Fig. 7) .
Functional/anatomical indicators of heart failure Compared with SHAM rats, HF rats had significantly higher LVEDP, RV/BW and lung/BW ratio. SN50-treated HF rats had significantly lower LVEDP and lung/BW ratios than SN50M-or vehicle-treated HF rats (Table 3) . 
Discussion
The novel finding of the present study is that brain cytokines induce an imbalance between excitatory and inhibitory neurotransmitters in the PVN of HF rats, which contributes to sympathoexcitation. PVN treatment with the NF-jB inhibitor SN50 attenuated this imbalance and decreased the exaggerated sympathetic activity in HF rats. A similar dose of SN50 given peripherally did not restore the imbalance in the neurotransmitters in the PVN of HF animals, suggesting that NF-jB is activated within the PVN, and modulates neurotransmitters thereby contributing to sympathoexcitation in rats with ischemia-induced HF. Recent evidence suggests that immune-mediated mechanisms play an important role in the pathogenesis of HF. Plasma PICs are increased in HF patients and their levels increase with the severity of HF [2, 35] . Proinflammatory cytokines, including TNF-a, IL-1b and IL-6 [5, 6, 29, 30] , are released from the injured site into the circulation post-MI [27, 43] . Recent findings show that cardiac spinal afferent nerves may serve as a potential source of production of brain cytokines [14] . Regardless of the source, an overload of PIC in the brain can induce sympathoexcitation, impact cardiac function, and contribute towards the pathophysiology of cardiovascular diseases [24] . Although increased PICs were found in the brains of HF rats and were considered as contributors to exaggerated sympathetic activity [11, 14] , the mechanism by which PIC exert this effect is still unclear.
The hypothalamic PVN plays an important role in the regulation of sympathetic activation [26] . Neurotransmitters (both excitatory and inhibitory) have been demonstrated to contribute to sympathetic activity, including NE, GABA and glutamate [39] . The PVN receives dense catecholaminergic innervations from the caudal medulla, a region which serves mainly as a relay site for sensory information. GABA is the principal inhibitory neurotransmitter in the PVN with inputs originating mainly from local hypothalamic sources. These inputs are thought to impart limbic and cortical influences on PVN mechanisms. Furthermore, GABA has been shown to evoke a sympatho-inhibitory response within the PVN. Microinjection of bicuculline, a GABA A receptor antagonist, into the PVN produced an increase in renal sympathetic nerve activity, indicating that normally there is a strong tonic GABA-mediated inhibition of sympathetic neuronal firing [28] . Conversely, glutamate is the dominant excitatory neurotransmitter involved in neuroendocrine regulation, where injection of glutamate into the PVN causes increases in sympathetic activity [28] . Likewise, the actions of NE Increased PVN activation in HF results from the interplay of several neurotransmitters and neuromodulators in these sympathetic neurons. In addition, we also recently demonstrated that PIC blockade within the CNS attenuated sympathetic activity in HF rats [8, 25] . Presently, we found that RSNA is increased in rats with HF, along with increases in the PVN levels of the excitatory neurotransmitters glutamate and NE, as well as a decrease in the levels of the inhibitory neurotransmitter GABA. The elevated basal level of NE concentration in the PVN of HF rats may reflect a marked stimulation of ascending noradrenergic drive to the PVN, or alternatively, it may be a result of impaired NE re-uptake.
NF-jB is now considered a major transcription factor regulating the expression of PIC in signal transduction pathways. Functional NF-jB complexes are present essentially in all cell types in the nervous system. In neurons, activated NF-jB is the major regulator facilitating the synthesis of several different injury-responsive cytokines including TNF-a and IL-6 [7] . In this study, PVN treatment with SN50 (a selective inhibitor of NF-jB) reduced PIC expression and NF-jB p65 activity in the PVN of HF rats, indicating that NF-jB is involved in regulating the production of PIC. The present study also demonstrates that PVN treatment with SN50 decreased plasma PICs (TNF-a, IL-1b, and IL-6), ANGII, and NE (a marker of sympathetic activity) in HF. Since we did not see any effect after a similar dose of SN50 given peripherally, we consider the reduction of plasma PIC and ANGII a direct result of decreases in both volume and pressure overload induced by sympathetic activity in the cardiovascular system; we further conclude that the reduction of plasma PIC is likely to be an indirect consequence of brain NF-jB inhibition. Thus, the present findings possibly indicate that increased inflammatory molecule-induced NF-jB activation within Fig. 7 Plasma NE and epinephrine (EPI) were higher in HF rats than in SHAM rats. Bilateral PVN infusions of SN50 for 4 weeks prevented the increases in plasma NE and EPI of HF rats. PVN infusions of SN50M for 4 weeks did not alter plasma levels of NE and EPI in HF rats. *P \ 0.05 versus SHAM groups. P \ 0.05 HF ? PVN SN50 versus HF ? PVN vehicle or HF ? PVN SN50M Values are mean ± SEM SHAM sham-operated control, HF heart failure, BW body weight, RV right ventricular, HR heart rate, MAP mean arterial pressure, PP pulse pressure, LVEDP left ventricular end-diastolic pressure the PVN alters the delicate balance between excitatory and inhibitory neurotransmitters within the PVN, thereby contributing to the exaggerated sympathetic activity in HF rats. In summary, the present study demonstrates that treatment of HF rats with PVN SN50 attenuates the HF-induced increases in PIC, glutamate, and NE, and also attenuates the HF-induced decreases in GABA, in the PVN. Elevated excitatory neurotransmitters and decreased inhibitory neurotransmitters in the PVN contribute to neurohumoral excitation in HF. SN50 could decrease the sympathoexcitation in HF by decreasing excitatory neurotransmitters and increasing inhibitory neurotransmitters in the PVN.
